Iridescent gels o f the common, tomato mosaic, para-tobacco mosaic, ribgrass mosaic, sunnhemp mosaic, and cucumber 4 tobacco mosaic virus strains were prepared using the purification method of Boedtker and Simmons (J. Amer. Chem. Soc. 1958). Macrocrystals which were stable for many months could be grown from iridescent gels of all viruses when stored at 0 -1 0 °C. The gels exhibited various structural phases (nematic and smectic) differing in density. The structure of the microcrystalline gels and of macrocrystals was investigated by means of optical diffraction. Distinct Bragg reflections were observed from which a mean periodicity of 340 nm was derived for all virus strains. The results indicate a crystalline multilayer structure as first proposed by Oster (J. Gen. Physiol. 33, 445, [1950]). The angular positions and widths of the Bragg reflections depended on the concentration of virus and the ionic strength. The periodicity decreased from 365 nm at 30 mg/ml virus to about 315 nm at 109 mg/ml virus, i.e. the periodicity approached the 300 nm length o f the virion. Model calculations taking into account Debye-Hückel repulsive and van der Waals attractive forces gave a qualitative explanation for the crystalline structure and its observed concentration dependence. The in vitro crystals resemble immature crystal forms observed in the living cell.
Introduction
The discovery o f the liquid crystalline properties of concentrated (> 2%) tobacco mosaic virus (TMV) preparations [1] has stim ulated detailed studies in cluding the use o f X-ray diffraction methods [2] as well as theoretical investigations [3] . Early m icro scopical work [4, 5] was done in order to com pare crystal forms obtained from purified preparations with those produced by the living cell. The crystal line phases obtained in vitro, however, were paracrystalline (nematic) and not o f two-dimensional (smectic) order like the abundant hexagonal crystals occurring in vivo [6] [7] [8] .
On the other hand, smectic arrays were observed when virus was dried from solution [9] or after precipitation with basic proteins [10] . Oster [11] first reported the form ation o f three-dim ensional crystal lites separating from the anisotropic bottom layer of purified TMV, both o f the common and the Holmes ribgrass strains. Because of the diffraction o f visible light this smectic phase was called "iridescent gel". By measuring the reflection angle at a given wave length, the distance o f the reflecting planes in the crystallites was determ ined according to Bragg's law. In a model to explain this periodicity it was suggest ed that layers of virions, orientated parallel and with the ends aligned, are separated by layers of water.
We report here on an easy way to prepare irides cent gels and on the formation of large single liquid crystals of 6 tobamoviruses [12] . The periodic layer structure was determined by measuring the diffrac tion of laser light of different wavelengths. The results will be discussed with respect to the theory of repulsive-attractive long-range forces acting between the TMV particles within the crystal. Sim ilar studies have been made on the crystal structure of tipula iridescent virus [13] .
Materials and Methods

Purification o f viruses
The 6 tobamoviruses used in the experiments and the hosts in which they were propagated are listed in Table I . In order to obtain virus preparations of essentially uniform particle length [14] the purifica tion procedure of Boedtker and Simmons [15] (B&S method) was used. If necessary, green host m aterial could be removed by a second treatm ent with Celite after the second high speed run. As CV 4 becam e in creasingly insoluble in distilled water after several centrifugations, it was dissolved in 0.01 m phosphate buffer pH 7.2, except after the last cycle, when distilled water was used. For comparison, virus was purified by clarifying the expressed sap with 1:5 (v/v) chloroform -butanol (1:3 v/v) and by precipitation with polyethylene glycol and NaCl (both 4% w/v) or am m onium sulfate (30% saturation) before centrifugation. Virus concentrations were determined spectrophotometrically using an extinction coefficient o f 3.06 (isfcm, 260nm uncorrected for light scattering) or by m easuring the refractive index and using a value for the specific refractive index increment d n /d c of 0.194 ml g '1 [15] . The conductivity of virus preparations was measured in a cell with a cell constant of 0.43 cm -1, using the Philips PW 9501 conductivity bridge. O ur samples of distilled water had conductivities o f 3.1 -5.4 (iS cm -1.
Light diffraction apparatus
The apparatus used to measure the angle and the angular width of the light diffracted by TMV crystals, is shown in Fig. 1 .
Radiation sources were an Ar-Laser (Coherent Radiation Mod. 52) and a He-Ne-Laser, and so the following wavelengths (nm) were available: 632.8, 514.5, 501.7, 496.5, 488.0, 476.5 and 472.5. The beam diam eter was ~ 1.5 mm at the Me1 points; its diver gence was about 0.8 m rad.
Iridescent gels were studied in two kinds of cells. The first kind (type A) were glass tubes (0j ~ 2 mm, 0 a ~ 3.5 mm), filled with the gel which were put into a cuvette filled with water, as shown in Fig. 1 . This cuvette, consisting of one plane and one semicylindric window, was used to reduce astigmatic focusing of the beam by the glass tube. N everthe less, the difference between the refractive indices of water and of glass, caused the scattered beam to become slightly divergent. Additional divergence was brought about by the spatial extension of the scattering volume. Num erical geometric-optic com putations for several selected rays through the cu vette system gave an effective angle of divergence of about 8 m rad. A slight net refraction of the scat tered beam occuring at the cuvette wall was com pensated in first order by the evaluation method, described below.
The second type of cells (type B) had planeparallel glass windows separated by a distance of ~ 0.8 mm. No immersion cuvette was necessary in this case. W hile type A cells were always fixed, with the outer, plane window normal to the incident beam, type B cells were either used in a fixed posi tion at an arbitrary angle oc to the incident beam or were rotated during the experiment as in the usual single crystal diffraction method. The cells were m ounted on a motor-driven Siemens goniometer table (angular resolution ~0 .0 5°), which allowed rotation of the photoreceiver (Si photoelements) and, if desired, simultaneously o f the cuvette, the latter with half the angular velocity of the receiver.
The diffracted intensity signal was amplified by a Keithley 171 m ultim eter, the analogue output of which was plotted by an x / t recorder. The syn chronization between rotating table and recorder was calibrated for each run. To exclude light that was multi-reflected in the cuvette system, the re ceiver system was tilted about 20° out of the horizontal plane. An angular resolution of about 0.3° was obtained by using two vertical slits of ~ 1 mm width in front of the receiver.
Evaluation methods
The iridescent gel, consisting of regular layers with periodicity d, gives rise to Bragg reflections which lie on a cone, with aperture angle 9 around the direction o f the incident beam. 6 is given by the Bragg condition sin 0/2 = )J(2 ■ n ■ d) (1) with / the wavelength and (in good approxim ation) n the refractive index o f the solution. While 6 may be determ ined directly by experiment if cells of type A are used, m ultiple refractions of the incident and of the diffracted beam by the cells of type B cause the measured angle < 5 to differ from 0 by
where oc is the angle between cell-window orienta tion and the direction of the incident beam. If sin (0/2) is plotted against / , a straight line is obtained from Eqn (1), the slope o f which is mainly determined by d. So, functions s in ( 0 /2 )= A + B ■ /. may be found by linear regression and then d may be computed from B. According to Eqn (1), the constant A is expected to be zero and therefore, the actual value of A could be used to check the correct adjustment of the sample. After adjustm ent the re maining deviations of A from zero were always negligible.
The angular width of the Bragg reflections of our samples was found to be broadened to some degree. The determ ination of 0 from the experimental intensity spectra was difficult in cases where the halfwidth r was large. Assuming that this broaden ing is essentially due to the limited size of co herently scattering regions (Debye-Scherrer-effect), a mean size D of coherently scattering regions (i.e. "crystallites") may be determ ined by
The mean num ber N of layers of TMV rods in a representative crystallite is then obtained by
Results
Virus purification
The B & S m ethod always worked well in remov ing brown substances. Chlorophyll-containing im purities were more difficult to remove, especially with the host plants Phaseolus vulgaris and Cucumis vulgaris ( Table I) . Preparations of the other viruses were mostly colorless after 4 differential centrifuga tions. Pellets after the second or third centrifugation cycle usually showed iridescent diffraction colors. The iridescence was strongest after the third high speed run though the virus was not yet highly purified. Further centrifugations improved the purity but decreased the iridescence and since the purity is not as im portant for crystallization as monodispersity [16] the latter condition was given preference. Besides, the bottom layer excluded the impurities after some time into an isotropic top layer leaving the ability of the anisotropic layer to crystallize unimpaired.
O f the many other purification m ethods which we tried, the B & S m ethod was the only reliable one. No iridescence was observed when this method was modified by using 0.1 m Tris-EDTA buffer pH 7.2 [17] .
The strongest iridescence was obtained when vi rus was purified from fresh leaves frozen overnight. Material kept frozen for longer times ( 1 -5 years) gave poor results. All these observations suggest that a high degree of monodispersity is essential for obtaining iridescent gels [11, 18] but is difficult to achieve [19] .
In the B & S method, the divalent ions C a2+ and Mg2+ which strongly favour end-to-end aggregation were largely removed by EDTA [20] and replaced by N a+ [21, 22] during the first purification steps. Conductivity m easurements revealed that the ion content decreased during the course o f purification from > 2 mS cm -1 to about 0.1 mS cm -1 in the final virus preparations (20 m g/m l) which corresponds to < 1 mM NaCl. The pH was between 6 and 6.5.
Preparation o f iridiscent gels
Stronger iridescence was obtained when the m eth ods of preparing orientated nem atic gels for X-ray diffraction were followed [2, 17] , Distilled water was added dropwise to the pellets until a thixotropic gel resulted which could be drawn up in hand-m ade capillary pipettes or Pasteur pipettes. During the flow into the pipette the initial iridescence became much stronger, indicating a more uniform orienta tion of the virions (Fig. 2 a) . When viewed at dif ferent angles with respect to the transm itted light, the capillary part o f the pipette showed different brilliant uniform Bragg reflection colours from blue to red. The reflection could be seen best when the tube was held vertical and was observed obliquely from above. Observation in polarized light showed that the direction of maxim um refractive index was along the long axis.
An increase in ordering could also be obtained by low speed centrifugation. W hen tubes (2 to 7 mm internal diameter) containing gels were centrifuged in an angle rotor for 1 5 -3 0 min at 2000 rpm, the strongest reflection was observed along the direction of flow leading to the bottom of the tubes (Fig. 2 b) . Iridescent gels prepared as described above con tained 30 -1 0 9 m g/m l virus.
Formation and properties o f macrocrystals
Macrocrystals up to 2 mm in diam eter formed when microcrystalline gels were kept at 0 -10 °C in parafilm-sealed tubes of 2 to 7 mm internal diam eter (Fig. 2d , e, f). The period over which macro- (Table II) were obtained and were stable for many months, some for more than 18 months. Crystalliza tion mostly started at the air-liquid interface or at the glass wall. Gels which lost their iridescence could repeatedly form new crystals. Crystals have a higher density than their environ ment. This can be concluded from gels of lower con centrations (30 mg/ml) in which the crystals settled to the bottom of the tubes. At higher concentrations, crystals which formed in the upper part of tubes did not settle because of the high viscosity of the gel. They could be sedimented by centrifugation (2000 rpm, 5 -3 0 min).
Whereas iridescent gels were prepared at concen trations of about 100 mg/ml, macrocrystals formed best after dilution with distilled water to concentra tions ranging from 70 to 30 mg/ml. Probably, at the higher concentrations, viscosity of the gels hinders macrocrystal formation.
The formation of microcrystalline gels and m acro crystals does not depend prim arily on tem perature [3, 11, 23] . However, when iridescent gels were heated to 60 °C, an increase in intensity of the re flected light was observed, indicating an increase in crystalline order caused by annealing. W hen gels were heated to 6 5 -7 0 °C for 5 min, a white pre cipitate formed which was birefringent indicating the formation of another paracrystalline phase. A f ter some days at 10 °C the precipitate dissolved and formed new crystals. W hen heated to > 7 0° C for 5 min the precipitate became irreversibly insoluble. These effects await further investigation.
In contrast to their therm ostability, micro-and macrocrystals were very sensitive to changes in ion concentration. A ddition o f N aCl (0.001 m) irrevers ibly destroyed the crystals. Similarly, the bottom layer was destroyed by increased salt concentration [2, 11] .
Our samples showed clearly the phase transitions between four mesom orphic phases o f TMV which can exist at the same tim e in a sample tube. The abrupt separation o f the nem atic (n) from the iso tropic (/) phase occurred when the ratio o f concen trations c was c j c i ~ 1.4, in agreem ent with the theory of Onsager [3] and the experim ental results o f Oster [11] , The crystalline gel exhibits a third, smectic, phase (5) which can be sedimented from the nematic phase. D eterm inations o f the concentration m ade by measuring the refractive index proved that 5 has a higher concentration than n. F or these three phases we observed in a CV4 system the following ratios: c j c \ = 1.4; cs/ c n = 1.15. The latter estim ate may be too low since the single crystals are sur rounded by nematic phase. The fourth phase (jc), nematic again, was obtained by heating. It had the highest density o f all phases and could recrystallize to phase s (Fig. 2 c) . Thus, the density relationship of the phases was: Ci < cn < cs < cx and for the phase transitions:
i -*■ n ^ s x (t indicates tem perature dependent transition).
Light diffraction o f various viruses
Usually, large num bers of crystals in random orientation were present in the irradiated volume of the glass tube cells, so the situation resem bled that in powder diffraction experiments. In some cases, however, only a few larger macrocrystals contribut ed to the diffraction.
The plane window cells favoured orientation o f the TMV layers o f the crystals orthogonal to the windows. Similar orientation was observed in cap illary tubes of diam eters below 1 mm, where conse quently Bragg reflections occurred exclusively in the plane determined by the long tube axis and the direction of incident light. In tubes o f greater diameter, the effect was no longer obtained.
Figs. 3 a and b show, as an example, two series of angular spectra of the scattered intensity, which were taken from two samples in type A ceiis, show ing an extremely different halfwidth r of the dif fraction peak. It should be mentioned that, far away from the peak, the intensity falls below 1% of the m axim um in Fig. 3a, i. e. there is no distinct scat tering background left. H igher order diffraction peaks are absent because the first order 9 is already about 70°.
The periodicity d was determ ined by linear re gression. Fig. 4 shows the linear dependence sin (9/2) = f(X ) for two samples, and, for comparison, the results given by Oster [11] .
The average periodicities o f crystals from the various virus strains, as determ ined from the slopes of these curves, are given in Table II . The value n = 1.34 for the refractive index of the solutions was used in the evaluation. All samples compiled in Table II were prepared with concentrations varying from about 30 to 50 m g/m l, and so possible concen tration influences on d -as discussed in the follow ing section -were neglected.
As is obvious from Table II , the values o f d of all viruses are in full agreement within the given limits of accuracy, the m ean value of d being 340 ± 20 nm with the only exception of CV 4. However, the latter virus was only partially purified and showed poor iridescence, therefore special systematic errors may have been present in this case.
In conclusion, the periodicities of the crystals of the different viruses had the same value d = 340 ± 20 nm. The length of the virion as determ ined in the dried state by electron microscopy is 300 nm [14] , Assuming no shrinkage of the virion when dried [2, 24] , d may have two components: The length d' = 300 nm of the TMV rod plus an additional layer with thickness d" between the TMV layers in the crystal, presumably consisting of electrolyte solution
The result is in general agreement with Oster's [11] , who found d = 340 nm. He used, however, d! = 280 nm instead of the above value of Hall [14] which is now generally accepted, and thus obtained d" -60 nm.
Influences o f concentration
To investigate the layer d" in more detail, ad ditional experiments were performed with TMV and ToMV, varying the concentration of the solution. The samples were prepared by diluting a stock of Iridescent gels were obtained in the concentration range 30 < c < 109 m g/ml. Over this range, we found the periodicity d to depend on c as shown in Fig. 5 a. This dependence is ascribed to changes of the interlayer distance d" which, then, increases from 15 nm up to 65 nm. The large scatter is not due to experimental inaccuracies but, rather, to local variations which were observed in different parts of one sample tube as well as in different samples with the same concentration, the sources o f which are not clearly understood. The influence of sample tem perature can be excluded; it was determ ined that between 10 °C and 50 °C the periodicity only changed by about 5%.
As a second concentration effect, the halfw idth r o f the diffraction peak increased markedly with in creased c (Fig. 5 b) . Several explanations will be discussed later.
Discussion
M odel calculations fo r the concentration dependence o f d"
The interaction between TMV rods has been discussed repeatedly in the literature. According to Bernal and Fankuchen [2] , the paracrystalline phase is the result o f electric repulsive and attractive forces. Onsager's theory on phase separation [3] is based solely on electrostatic repulsion between high ly anisometric particles. Oster [11] reasoned that repulsive forces lead to a paracrystalline order. To explain the crystal structure of iridescent gels, how ever, he postulated long-range interaction o f both repulsive and attractive nature [18] . The crystal formation of tipula iridescent virus was explained in a similar manner [13] .
The last suggestion was supported in our ex periments by the observation that crystals in the nematic gel could be sedimented by low speed centrifugation w ithout being destroyed.
We will therefore, in the following, investigate a model of long-range attractive and repulsive forces which yield a bound state in the observed d" range and a concentration dependence of d". The follow ing simplifying assumptions are made:
a) The TMV rods form plane layer arrays of thick ness d (rod length) which are stacked regularly with a distance d" between each layer in the crystal, the rods in neighbouring layers not being tilted against each other as observed in vivo.
b) Dipoles are induced in the layers [25] and, not withstanding the morphological polarity of the rods [26] both sides of each layer are equal in respect to the form ation of electric double layers by ions from the electrolyte solution. c) As was previously discussed the electrolyte solu tion is assumed to contain only monovalent ions. Possible effects due to polyamines [27, 28] are not considered.
d) The ion concentration of the electrolyte between the rod layers varies on dilution in proportion to the mean concentration outside the crystals.
Then, a com bination of Debye-Hückel forces for repulsive and London-van der W aals forces for the attractive interaction may be applied as investigated earlier for inorganic systems of parallel-lying plane layers in an electrolyte solution. The subject is described in detail in the monograph of Verwey and Overbeek [23] and the vast am ount of original literature is quoted therein. The repulsive potential due to penetration of Debye-Hückel ion clouds which form double layers near the rod layer surfaces, is, in the approxim ation of m oderate interaction and surface potential, given by (8) The problem is now to determ ine the concentration dependence of K x, K 2 and x. Since the different samples were prepared by diluting with water, we assume first that qx varies in proportion to the m ean virus concentration c. Then, because the potentials given in Eqns (6) and (7) contain q1 together with constant factors which later will be com puted by a fit procedure, we replace qx by a variable q, propor tional to qx, the num erical value o f which we arbitrarily choose to equal the virus concentration c, which was easily determ inable experimentally.
If, then, e is independent of q (e. g. [29] ), approx imately, we have x a qv2 and K 2 oc qv2 in Eqn (7).
The independence o f K x on q, as given by Eqn (6), only holds for solid plates in vacuo and is mainly determined by the surface potential which is as sumed to be independent o f q. In our layers, how ever, the packing density o f the rods surrounded by ions from the electrolyte, depends on q as shown earlier for the nematic phase. Bernal and Fankuchen [2] found for the m ean rod distance R within the layers R a \ / c v2.
Two extreme cases may thus be distinguished: a) Rods and ions between them contribute likewise to the van der W aals force (/'. e. /Itm v % ^ions)-Then Va may be assumed to be approxim ately independent of q. b) The TMV rods induce the essential part o f the van der Waals interaction (/. e. /4tmv ^ ^ions)-Then K x of Eqn (6) is proportional to q2.
Since we did not find distinct argum ents to favour one o f these dependencies, we will apply both, in the following, using the generalized form for V:
where k lf k 2 and ^ are constant with respect to q and v = 0 or v = 2, respectively. Being merely interested in the dependence o f d" on q, we may normalize V o f Eqn (9) to v = V / k 2 (10) in order to reduce the num ber of unknown con stants. The remaining ones, k j k 2 and x0, then have to be determined by fitting to our experim ental results.
This fit procedure was not performed by inserting two selected pairs (d", q) into Eqn (9) because of the marked sensitivity of V on small variations of d" within the limits of experimental accuracy. Instead, the experimental values of q at both limits of the stability range, q miD and qm SLX were used together with d" at q = qmSLX.
In addition, the following plausible assumptions concerning the shape of the potential curves were made: a) dv/dd" = 0 for the experimentally determined d" at q = q max ("minimum condition")
b) f Min (fc"in) = »Min (tfmax) ~ (<7max) ("depth condition").
The superscripts "M in" and "Max" indicate m inim a and m axima of the tf(<f')_curves> respectively. The latter condition means that the depths of the po tential m inim a shall coincide at both ends of the stability region (i.e. at < 7mm and qma*, respectively). This assumption is plausible, e. g., if these limits are determ ined by therm al stability; the depth of the potential minim a are then of the order of thermal energies. It should be mentioned, however, that in our samples the observed numerical values of qmax may not only be due to a vanishing long-range binding state but also to influences of the viscosity of the solution which strongly increases with increasing c.
The constants x0 and k j k 2 in the potential of Eqn (10) Mainly due to the concentration dependence o f the Debye-Hückel ion cloud (the potential o f which is lowered near the layer surface, but extends to larger distances if q is decreased), the position o f the m inim um strongly varies with q. It is essentially this effect that causes the experimentally observed de pendence o f the interlayer distance d" on q.
Values of q larger than qmax cause an attractive force for all d", and, hence, direct aggregation o f the TMV rods may occur, while for q < qmin the re pulsion predom inates except for extremely small values o f d", and, hence, no stability is obtained for long-range crystalline structures, both, if q > qmax and q < qmia.
The stability lim it at qmiD is evident from the fact that the potential m inim um in our curves becomes too flat beyond qmin to prevent the rods from being spread in the paracrystalline phase. The upper qlim it does not appear so obvious; it may be estab lished differently from Eqn (12) . Two examples which were investigated numerically, are discussed briefly:
a) The maxim um uMax (qmax) is assumed to be zero.
Potential curves including this assumption prove to be highly asymmetric with respect to q, (<7max) exceeding vUm (qmin) by more than one order of magnitude, and hence the above as sum ption appears rather unrealistic for our sys tem.
b) The potential barrier r Max vanishes at q = qm ax, mum position, i.e. the stable interlayer distance (which is the only quantity to be com pared with our experimental results), is rather weakly influenced by the special choice of assumptions a), b) or Eqn (12) . So, for the following we restrict ourselves to the depth condition of Eqn (12) . A comparison of the potential m inim um posi tions, calculated in this way, with our experim ental results for d" is shown in Fig. 7 for the q region of stable crystalline structures. Obviously, the trend of the experiments is reproduced, giving within the observed stability limits a monotonous decrease of Fig. 8 . The corresponding absolute sizes vary from 3 (am to 12 um. Oster [11] calculated the average thickness o f his crystallites to be 5 }im.
The three peak structure in the spectra of Fig. 9 demonstrates that there may exist crystals with slightly different periodicity. Hence, larger T may be produced by superim position o f several such crystallites.
Models for the observed concentration depen dence of T have to be founded on a q dependence of a ) -c ) . Such dependence may be induced via the viscosity o f the solution, which strongly increases with c in the region o f crystal stability. Probably, the viscosity hinders the exact orientation of the indivi dual TMV rods (case c)) or o f the rod layers (case b)). Case b) also may occur due to local inho mogeneities of ion concentration and pH-value within the interlayers and by local deviations from the parallel orientation o f rods in adjacent layers.
Case c) may be im portant since the TMV rods are monodisperse only to a limited extent. According to Hall [14] only 75% of TMV rods prepared by the B & S m ethod have lengths between 290 and 310 nm. Both longer and shorter rods may locally disturb the plane parallel arrangem ent o f the layers.
The potential curves o f Fig. 6 also offer a quali tative explanation for the case c). W ith increasing q, the layers are less tightly bound and this will also hold for the interaction between the neighbouring rods within each layer, since, as mentioned before, their mean distance (and the amount o f electrolyte between) also changes with q, as found for the paracrystalline phase [2] .
Let us now assume a value of q within the stability region. If, by some means (e. g. thermal motion), the distance between two layer regions is dim inished below, say, 6 nm, then the attractive potential causes the layers to spontaneously approach till direct contact, and short range forces come into play. Sim ilar effects may occur when single rods or groups o f them are moved out of a layer plane. This special kind o f lattice defect locally destroys the lattice periodicity, thus causing, via the DebyeScherrer effect, the half width r to increase. Both the weakening o f the binding forces within a layer and the reduction of the barrier height of the layer interaction potential with increasing concentration cause a q dependence of the halfwidth, in qualita tive agreement with the experim ental results.
It is hoped that future investigations will yield further inform ation as to the relative importance of the various theoretical models.
Comparison with in vivo crystals
Crystal types resembling the in vivo crystals in optical properties may occur in the living cell, although only rarely [6] . They seem to be uniaxial with layer distances of 4 0 0 -3 2 0 nm. In contrast, the most common (m ature) in vivo crystals are hexag onal biaxial plates, with a lateral interparticle distance of about 6 nm [30] , a value which may apply also to the layer distance.
Our in vitro crystals and the rare type of in vivo crystals are apparently sim ilar to early forms of crystals in im m ature cells as dem onstrated in the work of W arm ke and Edwardson ( [31] cf. Figs. 1 -5) . The fact that TMV can crystallize in vivo in a rem arkable large num ber of forms [4 -6 , 32, 33] suggests that the host cell and the environmental conditions [34] influence the process.
